A nearly universal feature of intron sequences is that even closely related species exhibit a large number of insertion/ deletion differences. The goal of the analysis described here is to test whether the observed pattern of insertion/ deletion events in the genealogy of the myosin alkali light chain (Mlcl) gene is consistent with neutrality, and if not, to determine the underlying forces of evolutionary change. MZcl pre-mRNA is alternatively spliced, and one constraint is that signals necessary for tissue-specificity of directed splicing must be conserved. If the total length of an intron is functionally constrained, then the distribution of indels on branches of the gene genealogy should reflect a departure from randomness. Here we perform a phylogenetic analysis, inferring ancestral states wherever possible on a phylogeny of 29 alleles of Mlcl from six species of Drosophila. Observed patterns of indels on the genealogy were compared to those from simulated data, with the result that we cannot reject the null hypothesis of neutrality. A clear departure from a neutral prediction was seen in the excess folding free energy predicted for the introns flanking the alternatively spliced exon. Relative rate tests also suggest a retardation in the rate of MZcl sequence evolution in the simulans clade.
Introduction
Intron sequences bear important information necessary for the correct splicing and hence appropriate expression of genes. Sequence comparisons of introns of homologous genes from different organisms have been very useful in identifying conserved attributes of introns. Short splice signals at the 5' and 3' ends of introns and at the branchpoints near the 3' end of the intron are highly conserved (Mount et al. 1992) , and alteration of these sites from consensus results in defective splicing (Green 1986; Krainer and Maniatis 1988) . Additional blocks of conserved sequence between otherwise divergent introns are often considered as putative binding sites for regulatory proteins. In some cases the role of these conserved blocks in regulating splicing or gene expression has been verified either by site-directed mutagenesis or through isolation of mutants (reviewed by McKeown 1992) . Conservation of regulatory motifs is especially evident in genes that are alternatively spliced in different tissues.
Another aspect of introns that often appears to be conserved among different organisms is length. In the face of frequent insertion and deletion mutations, conservation of length is informally inferred from the apparent constancy of length. What is lacking are mechanistic reasons why length should be conserved, and a formal statistical test for the significance of length conservation is needed. The distribution of intron lengths differs widely across organisms. Some Drosophila genes bear introns that are too short to be spliced by mammalian in vitro splicing reactions, suggesting differences in the efficiency of splicing machinery to handle different length introns (Guo, Lo, and Mount 1993) . Another property of intron sequences that may be conserved is the folding secondary structure. Stephan and Kirby (1993) and Kirby, Muse, and Stephan (1995) observed a significant tendency for substitutions to retain a stem structure in the introns of the Adh gene of Drosophila species. Conversely, Leicht et al. (1995) observed a tendency for excess openness of predicted secondary structure in the introns that flank an alternatively spliced exon.
The model system we have chosen for examination of these problems is the myosin alkali light chain (Mlcl) gene of Drosophila melanogaster, which produces two protein isoforms by tissue-specific alternative premRNA splicing (Falkenthal, Parker, and Davidson 1985; Falkenthal, Graham, and Wilkinson 1987; Leicht et al. 1993) . In larval muscles, and in tubular and supercontractile muscles of pupae and adults, all six exons are joined in the mature mRNA ( fig. 1 ). In the fibrillar indirect flight muscle (IFM) of pupae and adults, exon 5 is excluded from the mature mRNA, yielding a protein isoform that differs only in the sequence of the carboxyl terminal 12 amino acids (Falkenthal, Parker, and Davidson 1985; Falkenthal, Graham, and Wilkinson 1987) . Regulation of alternative splicing of the Mel premRNA occurs at the level of splice site selection (Falkenthal, Graham, and Wilkinson 1987) , and sequence comparisons of diverse Drosophila species have revealed two conserved blocks that could be involved in this regulation (Leicht et al. 1993 ). A survey of polymorphism in the A4Zcl gene of D. melunogaster revealed some striking departures from a null hypothesis of neutral gene evolution (Leicht et al. 1995) . In a sample of 16 genes sequenced, there was neither silent nor replacement polymorphism in exons, and 22 segregating sites were found in intron sequences. The overall level of variation was not significantly different from other Drosophila genes, but the estimated rate of recombination was very high (13 times the rate of mutation). Conservation of intron secondary structure was also examined by computer modeling, and these evolution has maintained intron sequences in a more open (less tightly folded) state, perhaps for access by the spliceosome or by regulatory proteins. Such a constraint on intron structure is not reflected in the sequence on a site-by-site basis, but rather is a global property of the whole sequence. Current models of DNA sequence evolution are unable to account for this class of constraint.
The study by Leicht et al. (1993) demonstrated that four Drosophila species (melanogaster, simulans, pseudoobscuru, and virilis) have the same tissue-specific pattern of alternative splicing, and that all have a flightmuscle-specific isoform. Here we extend the analysis of intraspecific polymorphism and interspecific divergence of Mlcl by determination of Mlcl sequences of D. mauritiana, D. sechellia, D. teissieri, and D. yakuba, and an additional eight D. simulans alleles. These data allow several tests of constraints on introns in a phylogenetic context patterned after the idea that levels of polymorphism and divergence are expected to be correlated for neutral characters (Hudson, Kreitman, and Aguade 1987) .
Materials and Methods

Drosophila Stocks and DNA Preparation
The 16 isogenic third chromosome lines of D. melanogaster used in this study were described in Leicht et al. (1995) (Lindsley and Zimm 1992) , and other species were inbred before DNA was extracted. Genomic DNA was prepared by standard phenol-chloroform extraction.
PCR Amplification and Direct DNA Sequencing
For each of the lines, an approximately 1,035bp segment was amplified by the polymerase chain reaction using primers corresponding to coordinates 1835-l 854 (exon 3) and 2849-2870 (exon 6) of the previously published D. melanogaster Mlcl sequence (Falkenthal, Parker, and Davidson 1985) . Details of primer sequences and locations, along with PCR and direct sequencing methods, appear in Leicht et al. (1995) .
Statistical Analysis
DNA sequences were aligned with CLUSTALW (Thompson, Higgins, and Gibson 1994) , followed by minor adjustment by hand. Although no systematic attempt to test the robustness of results over possible alignments was done, informal re-analysis with alternative alignments of a few less certain regions of introns produced the same conclusions.
From the 29 aligned sequences we estimated the nucleotide divergence between each pair of alleles, and from these distances a neighbor-joining tree was constructed (Saitou and Nei 1987) . Tests of the concordance with neutrality of intraspecific polymorphism vs. interspecific divergence were applied to the sequence data (Hudson, Kreitman, and Aguade 1987; Fu and Li 1993) . We constructed a cladogram of the insertion and deletion events in intron 4 with DNAPARS in PHYLIP (Felsenstein 1989) , and performed a number of ad hoc analyses (described in Results) based on the way the mutations could be inferred to fall on the genealogy. Constraints on intron evolution were examined by testing the homogeneity of substitution rates, by analysis of predicted folding free energy of each allele (using the program MFOLD of Jaeger, Turner, and Zucker [ 19891 based on theory of Zuker [ 1989] ), and by comparing these free energies to those events in table 3, allowing assignment of each indel to a particular branch of the genealogy ( fig. 4 ). All insertion/deletion events were compatible with this genealogy except the last one (nucleotides 976-990). The genealogy in figure 4 was next used to test several aspects of the distribution of indel differences.
Test of Conservation of Intron Size
The difficulty in assigning the polarity of insertion/ deletion events suggested the simulation procedure described in Materials and Methods. For each intron, a genealogy was constructed placing indel events on appropriate branches. Starting with the mean of the observed sequence lengths, indels were added and subtracted (with equal probability) according to the inferred number of events on each branch and with the size of each indel drawn from the observed distribution of indel sizes. Each realization of this simulation gave six intron sizes and the variance of these sizes was calculated. This procedure was repeated 10,000 times to yield a null distribution of intron sizes having no constraint (insertions and deletions occurred with equal probability independent of intron size). Table 5 presents the lengths of the introns in the observed sequences, their variance, the mean of the variances of the simulations, and the tail probability of seeing a variance less than the observed variance. In all cases, the observed variance was likely to have occurred by chance. We fail to reject the null hypothesis that intron lengths are evolving in a neutral fashion with respect to the distributions of insertions and deletions on branches of the gene genealogy.
We can also ask whether the insertion/deletion events occur uniformly across the three introns examined, or whether they are clustered. In the aligned sequences, we found 3 indels in intron 3, 20 in intron 4, and 6 in intron 5 ( The 16 melanogaster sequences of Mlcl had been tested previously for departure from neutrality with the tests of Tajima (1989) , Fu and Li (1993) , and Hudson, Kreitman, and Aguade (1987) , and the nine simulans alleles likewise fail to reject neutrality by the Tajima test (D = 0.274, n.s.). The addition of four more species and of data on polymorphism in D. simulans allows us to perform additional neutrality tests based on the concordance of levels of polymorphism and divergence. The HKA test, comparing the melanogaster polymorphism to divergence with the other five species, was done using the A& 5' flank as the "control" in the tests (Adz sequences of all six species are in GenBank), and in none of these tests was the chi-square significant (data not shown). Similarly, HKA tests were done comparing polymorphism in D. simulans MZcl to divergence with the other five species, using the A& 5' flank as a control. Again, none of these tests indicated a significant departure from neutrality. Finally, tests of homogeneity of polymorphism and divergence were performed by doing the HKA test on sequence data from introns 4 and 5 with data from intron 3 used as a control. Ten tests were done (melanogaster vs. each of the other 5 species, and simulans vs. each of the other 4 species) and again, none were significant ( Number of indels 12 6 4 6 6 7 6 Ol6lll2l614l6
Number of indels was first designed. However, it was possible to test homogeneity of polymorphism and divergence of indels vs. base substitutions.
Each segregating site was considered polymorphic if it varied in melanogaster and fixed if the monomorphic nucleotide in melanogaster differed from the nucleotide in the comparison species. Similarly, indels were tallied as polymorphic or fixed, and a simple 2 X 2 chi-square was tabulated. Tests were done for melanogaster vs. the other five species and for simulans vs. the other five species. In no case could the neutral null hypothesis be rejected (table 7) .
Free Energy Conservation Leicht et al. (1995) report that intron 4 sequences in D. melanogaster had folding free energies that were significantly less stable than random permutations of sequences. In order to test the generality of this observation in other Drosophila species, and to see if there was evidence for stabilizing selection acting on free energy, two tests were done. First, the sequences were broken into arbitrary nonoverlapping 200-bp segments, and each was submitted to MFOLD (Jaeger, Turner, and Zuker 1989) for determination of predicted folding free NOTE.-A "+" implies that the species has the sites listed in the left column, and a "-" implies that these sites are absent from the respective species. Site coordinates refer to positions in the six-species alignment, consistent with table 1.
energy. Each segment in each species was also permuted randomly 100 times, and each permuted sequence was folded. The tail areas from these null distributions are reported in table 8. It is evident that segment 3 and/or segment 4 exhibits an excess in free energy in all species. Segment 3 includes the 5' end of intron 4, and segment 4 is entirely within intron 4. All segments in table 8 are 200 nt, yet the free energies vary by more than a factor of two. The permutation test assures that the variation is not caused by variation in G+C content (which was 42.6%, 42.9%, and 47.8% in introns 3, 4, and 5 respectively).
The implication is that there is a structural constraint biasing substitutions to maintain the excess observed free energy.
If there is stabilizing selection acting on free energy, this might be manifested in a reduced variance in free energy compared to neutral sequence divergence. In order to generate the neutral case, the gene genealogy of figure 5 was simulated, starting arbitrarily with the melunogaster sequence at node D and mutating this se- quence to produce the observed base content and number of substitutions along each branch of the tree. For each simulated gene genealogy, the variance in folding free energies of the simulated sequences was tallied, as were the differences in free energies across each node of the tree. The results of figure 5 show that in no case can the neutral case be rejected-that is, even though the 5' end of intron 4 has a significant avoidance of stable stem structures, we cannot reject the hypothesis that sequences have been evolving neutrally since the common ancestor of the melanogaster subgroup. More nucleotide substitutions are needed to have sufficient power to detect such conservation of secondary structure.
Discussion
Introns play a vital role in gene expression, and yet intron sequences generally reveal more variation than
FIG. 4.-Genealogy
of the Mlcl genes from each species using the count of insertion/deletion differences as a distance metric to estimate pairwise distances. Numbers on the branches correspond to the indel events listed in table 3. Indels are placed on branches by inference of monophyletic origin of each indel. Nom.-None of the chi-square values suggest cause to reject the null hypothesis.
exons both within and between species. The magnitude of insertion and deletion variation within introns is particularly noteworthy, and suggests limits on the types of constraints that may bear on introns. Insertion and deletion events are frequently rich in evolutionary information, but most investigators ignore sites that fall within regions of insertion/deletion variation, largely because our analytical tools and theory have trouble dealing with them. Saitou and Ueda (1994) were successful in a systematic study of indels in six sets of nuclear and mitochondrial genes in primates. They found homogeneity in the rate of insertion/deletion events, and they found that the rate of base substitution was 10 times the rate of insertion and deletion. They also observed that about 50% of all indel events were single nucleotides, a figure somewhat higher than our observations of the A4Zcl gene. The consistency of parsimony trees based on indels with those based on DNA sequences provides support for the utility of information provided by indels. Indels often overlap, and in these cases it is sometimes possible to infer the sequential order of the events (Schaeffer and Miller 1992) .
The gene genealogy of A4Zcl illustrates an interesting feature of the evolution of the melanogaster subgroup of species of Drosophila ( fig. 2) . As noted by Hey and Kliman (1993, 1994) , simulans, mauritiana, and sechellia reveal overlapping genealogies of several Xlinked genes. The pattern of shared polymorphism among these species is also evident in the third chromosome gene MZcl. The model that Hey and Kliman (1993) proposed is that simulans is and has been a large population that still segregates variation that existed before the separation of mauritiana and sechellia from it (as little as 600,000 years ago). Our observation of a reduced rate of evolution in the simulans clade relative to melanogaster does not pose a problem to their hypothesis. NOTE.-"Poly" and "div" refer to counts of polymorphic and divergent sites. 0, and tlz are estimates of 4Nu for the two species, T is the estimated time of divergence (obtained by least squares as described by Hudson, Kreitman, and AguadC 1987) , and the chi-square is a goodness-of-fit test with one degree of freedom. The nature of selective constraint on introns can be examined by two distinct routes. Population geneticists have devised a series of tests of the consistency of patterns of polymorphism and interspecific divergence with the neutral model. These tests can be applied to molecular sequence data in the absence of any prior understanding of the function of the gene. Our understanding of functional roles of introns has grown considerably in the last few years, and targeted examination of these features of introns may be more efficient at detecting evidence for selective constraints. Considering the population genetic approach first, our analysis has failed to find any departures from neutrality. It appears that statistical inference of departures from neutrality is most likely to be found in cases of major isozyme polymorphisms, as seen in Adh (Hudson, Kreitman, and Aguade 1987) Observed AG refers to the difference in free energy across the node (average of AG of species above the node minus that below the node). Probabilities were determined from 100 simulations of nucleotide substitutions giving the same gene genealogy as in the figure. For each simulation, free energies of folding were determined and probabilities are tail areas of these simulated distributions. For each simulation run, the variance in free energies across the six species was also calculated to provide a null distribution for testing the observed variance. The tail probability for the variance was P = 0.64.
Alternatively
spliced introns may be particularly rich in functional variation given their role in tissuespecific expression of alternative isoforms of proteins. Genes encoding muscle proteins, including myosin heavy chain, the myosin alkali light chain, and tropomyosin genes, are all alternatively spliced to give multiple isoforms tailored to specific muscle groups (Bernstein, O'Donnell, and Cripps 1993) . Several aspects of these intron sequences depart from strictly random substitution processes. Most obvious are the consensus splicing signals, including those at the 5' and 3' ends of the intron and also the branchpoint some 30 bp upstream from the 3' splicing signal (Oshima and Gotoh 1987; Mengeritsky and Smith 1989; Mount et al. 1992) . Even slight deviations in the consensus 5' and 3' splice site signals can impair or eliminate intron removal (Green 1986; Krainer and Maniatis 1988) . Alternative splicing of the Drosophila Mlcl gene suggests that in order to maintain proper regulation of tissue-specific expression, its introns will face additional sequence constraints in addition to those at the constitutive splicing signal domains. The importance of sequence context is demonstrated by the fact that many genes have cryptic splice sites that closely resemble the consensus splice sites yet are not used by the splicing machinery when the normal site is functional (Krainer and Maniatis 1988; Green 1991) . The nature of the sequence context that determines if a splice signal is recognized is only beginning to become clear. In the case of alternatively spliced genes, cis-acting elements required for appropriate regulation of splicing have been identified both within the introns and exons (Smith, Patton, and Nadal-Ginard 1989; Green 199 1; McKeown 1992) . Of direct relevance to the findings we report here, there is growing evidence that secondary structure of the pre-mRNA plays a role in the appropriate selection of splice sites of both constitutively and alternatively spliced introns ( 
